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Lung cancer is the leading cause of cancer‐related death worldwide, and small cell lung cancer (SCLC) is an aggressive and highly metastatic subtype that accounts for approximately 15% of lung cancers.[1](#cas13078-bib-0001){ref-type="ref"}, [2](#cas13078-bib-0002){ref-type="ref"}

SCLC is primarily defined by light microscopy, and morphological characteristics of SCLC include small cell size, scant cytoplasm, ill‐defined cell borders, finely granular nuclear chromatin, nuclear molding, absent or inconspicuous nucleoli, extensive necrosis, and a high mitotic rate.[3](#cas13078-bib-0003){ref-type="ref"} SCLC is categorized as a subtype of neuroendocrine (NE) tumor, but immunohistochemistry for NE markers such as NCAM1, CHGA, and SYP has not been mandatory for the diagnosis.[4](#cas13078-bib-0004){ref-type="ref"}, [5](#cas13078-bib-0005){ref-type="ref"} Indeed, it has been described that all NE markers might be negative in a subset of morphologically diagnosed SCLC.[6](#cas13078-bib-0006){ref-type="ref"}

Several cancer genome projects have analyzed cohorts of SCLC patients and revealed genomic alterations, copy number aberrations, and transcriptome changes in SCLC.[7](#cas13078-bib-0007){ref-type="ref"}, [8](#cas13078-bib-0008){ref-type="ref"} Frequent inactivation of TP53 and RB1, and amplification of the MYC family genes have been confirmed in accordance with previous reports.[9](#cas13078-bib-0009){ref-type="ref"} Most recently, The Cancer Genome Atlas has described the comprehensive genomic landscape of SCLC in a large cohort.[10](#cas13078-bib-0010){ref-type="ref"} These studies not only elucidated the oncogenic mechanisms of SCLC but also shed light on previously unappreciated heterogeneity in gene expression profiles. In parallel with studies on cancer tissue samples, several projects of comprehensive genome and transcriptome analyses on hundreds of established cancer cell lines have been recently completed, including the Cancer Cell Line Encyclopedia (CCLE), which provide valuable research resources for cancer cell biology.[11](#cas13078-bib-0011){ref-type="ref"}, [12](#cas13078-bib-0012){ref-type="ref"}

Achaete‐scute complex homolog 1 (ASCL1) is a basic helix--loop--helix family transcription factor essential for NE differentiation and SCLC formation.[13](#cas13078-bib-0013){ref-type="ref"}, [14](#cas13078-bib-0014){ref-type="ref"}, [15](#cas13078-bib-0015){ref-type="ref"}, [16](#cas13078-bib-0016){ref-type="ref"}, [17](#cas13078-bib-0017){ref-type="ref"} Insulinoma‐associated 1 (INSM1) is a zinc‐finger transcription factor that also plays important roles in NE marker expression and SCLC tumorigenesis.[18](#cas13078-bib-0018){ref-type="ref"}, [19](#cas13078-bib-0019){ref-type="ref"}

Yes‐associated protein (YAP) and transcriptional coactivator with PDZ‐binding motif (TAZ, also known as WWTR1) are the core downstream effectors of the Hippo pathway that is involved in diverse biological processes.[20](#cas13078-bib-0020){ref-type="ref"} After nuclear translocation, YAP and TAZ cooperate mainly with the TEAD family transcription factors to transactivate genes that regulate cell proliferation, differentiation, and apoptosis.[21](#cas13078-bib-0021){ref-type="ref"} YAP participates in lung branching morphogenesis and epithelial regeneration, whereas TAZ is important for lung alveolarization.[22](#cas13078-bib-0022){ref-type="ref"}, [23](#cas13078-bib-0023){ref-type="ref"} Furthermore, oncogenic action of YAP and TAZ in non‐small cell lung cancer (NSCLC) has been recently reported.[24](#cas13078-bib-0024){ref-type="ref"} However, in SCLC, the roles of YAP and TAZ have been scantly investigated.[25](#cas13078-bib-0025){ref-type="ref"}

As a consequence of genomic alterations and gene mutations in cancer cells, aberrant patterns of gene expression profiles occur, which eventually determine cancer cell behaviors. In the present study, through analyses on publicly available transcriptome data of SCLC cell lines, we found that YAP and TAZ are expressed in a subset of SCLC characterized by low transcript levels of ASCL1 and NE markers. Our findings delineate a distinct subgroup of SCLC cells characterized by YAP and TAZ expression, and shed light on the molecular mechanisms underlying the heterogeneity of SCLC.

Materials and Methods {#cas13078-sec-0002}
=====================

Transcriptome data of SCLC cell lines and SCLC tissues {#cas13078-sec-0003}
------------------------------------------------------

Transcriptome data of SCLC cell lines were from the GSE36139 microarray dataset provided by CCLE (*n* = 51), and E‐MTAB‐2706 RNAseq dataset (*n* = 30).[11](#cas13078-bib-0011){ref-type="ref"}, [12](#cas13078-bib-0012){ref-type="ref"} Transcriptome data of SCLC tissue samples were from the GSE30219 (*n* = 21) and GSE62021 (*n* = 25) microarray datasets, and GSE60052 RNAseq dataset (*n* = 79).[26](#cas13078-bib-0026){ref-type="ref"}, [27](#cas13078-bib-0027){ref-type="ref"}, [28](#cas13078-bib-0028){ref-type="ref"} A list of human transcription factors was previously described by the FANTOM5 project (<http://fantom.gsc.riken.jp/5>). Significance Analysis of Microarrays was used for statistical analyses of differentially expressed genes.

Characteristics of SCLC cell lines {#cas13078-sec-0004}
----------------------------------

Information on cell morphology of SCLC cell lines was retrieved from ATCC (<http://www.atcc.org>), JCRB (<http://cellbank.nibiohn.go.jp>), DS Pharma Biomedical (<http://www.saibou.jp>), Common Access to Biological Resources and Information (<http://www.cabri.org>), DSMZ (<https://www.dsmz.de>), and the Cell Line Knowledge Base. Cell morphology was categorized into three subtypes: suspension culture with floating aggregates, adherent cells, and mixtures of adherent, loosely adherent, and floating cells (mixed morphology).[29](#cas13078-bib-0029){ref-type="ref"} Cell origin and mutation status (*TP53*,*RB1*,*KRAS*,*EGFR*) were surveyed in the CCLE (<http://www.broadinstitute.org/ccle>) and COSMIC (<http://cancer.sanger.ac.uk/cosmic>) databases.[30](#cas13078-bib-0030){ref-type="ref"} Cell characteristics are summarized in Table S1.

Cell cultures {#cas13078-sec-0005}
-------------

BEAS‐2B (immortalized bronchial epithelial cells), A549 and NCI‐H441 lung adenocarcinoma cells, and NCI‐H209 SCLC cells were purchased from ATCC (Rockville, MD, USA). Lu134A, Lu134B, and Lu139 SCLC cells were obtained from RIKEN BRC (Tsukuba, Japan). SBC3 and SBC5 cells were from JCRB (Osaka, Japan). Normal human bronchial epithelial cells and small airway epithelial cells were from Takara Bio (Tokyo, Japan) and Lonza (Basel, Switzerland), respectively. Cell circularity was quantified using Image J software (NIH, Bethesda, MD, USA).

Small interfering RNA experiment {#cas13078-sec-0006}
--------------------------------

Small interfering RNA against human YAP (siYAP \#1, HSS115942; \#2, HSS115944; \#3, HSS173621) and AJUBA (siAJUBA \#1, HSS150205; \#2, HSS189297), and the negative control (siNC) were purchased from Invitrogen (Life Technologies, Carlsbad, CA, USA). SBC3 and SBC5 cells were transfected with 20 nM siRNA using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer\'s instructions.

Quantitative RT‐PCR {#cas13078-sec-0007}
-------------------

The detailed procedures were described previously.[31](#cas13078-bib-0031){ref-type="ref"} The expression levels were normalized to that of GAPDH. The PCR primers are listed in Table S2.

Immunoblot analysis {#cas13078-sec-0008}
-------------------

The detailed procedures were described previously.[31](#cas13078-bib-0031){ref-type="ref"} Rabbit monoclonal anti‐YAP/TAZ (D24/E4), rabbit polyclonal anti‐phospho‐YAP (Ser127), and rabbit polyclonal anti‐AJUBA antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Mouse mAb for α‐tubulin was from Sigma‐Aldrich (St. Louis, MO, USA). The corresponding HRP‐conjugated secondary antibodies were used.

Immunofluorescence {#cas13078-sec-0009}
------------------

Rabbit monoclonal anti‐YAP (EP1674Y) antibody was purchased from Abcam (Cambridge, UK). SBC3 and SBC5 cells were fixed with acetone and methanol, and blocked with 5% normal goat serum in PBS for 1 h. The cells were incubated with anti‐YAP (1:100) at 4°C overnight, and then incubated for 1 h with goat anti‐rabbit Alexa Fluor 594‐conjugated antibody (Life Technologies). Nuclei were stained with DAPI.

Gene expression profiling in SBC3 and SBC5 cells {#cas13078-sec-0010}
------------------------------------------------

Total RNA was extracted from SBC3 and SBC5 cells 48 h after siNC or siYAP transfection, using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Microarray analysis was carried out using the Affymetrix GeneChip Human Genome U133 Plus 2.0 array (Santa Clara, CA, USA). Expression values less than that of the negative control probe were filtered out. Gene ontology (GO) analysis and KEGG pathway analysis was carried out as described previously.[24](#cas13078-bib-0024){ref-type="ref"}

Statistical analysis {#cas13078-sec-0011}
--------------------

Spearman\'s correlation coefficient (ρ) and Pearson\'s correlation coefficient (r) were calculated for correlation analysis. The differences were examined by Student\'s *t‐*test, or [anova]{.smallcaps} with Tukey\'s post hoc test with JMP version 9.0.3 (SAS Institute, Cary, NC, USA).

Results {#cas13078-sec-0012}
=======

Subtypes of SCLC cell lines defined by gene expression profiles {#cas13078-sec-0013}
---------------------------------------------------------------

Heterogeneity of SCLC cell lines in terms of gene expression profiling has been previously described.[32](#cas13078-bib-0032){ref-type="ref"} In addition, distinct subtypes of SCLC cell lines defined by differential expression levels of basic helix--loop--helix family transcription factors, ASCL1 and NEUROD1, have been proposed.[33](#cas13078-bib-0033){ref-type="ref"} We hypothesized that the heterogeneity of SCLC cell lines might be attributable to differential expression patterns of key transcription factors. Using publicly available transcriptome datasets of cancer cell lines,[11](#cas13078-bib-0011){ref-type="ref"}, [12](#cas13078-bib-0012){ref-type="ref"} we aimed to subclassify SCLC cell lines based on the expression profiles of transcription factors.

Transcription factor‐defined clustering analysis of SCLC cell lines registered in the CCLE microarray database (*n* = 51) yielded five major clusters (Fig. [1](#cas13078-fig-0001){ref-type="fig"}a, left panel). Among 1520 transcription factors, ASCL1 showed the highest standard deviation, followed by ISL1, MYC, INSM1, and NEUROD1 (Table S3A). Both ASCL1 and INSM1 are core regulators of NE differentiation, whereas ASCL1 and NEUROD1 are key transcription factors involved in early and late neurogenic differentiation, respectively. Among five clusters, ASCL1 in clusters 4 and 5 (57%, *n* = 29) and NEUROD1 in cluster 3 (20%, *n* = 10) showed relatively high expression levels compared to the other clusters. In contrast, cluster 1 (16%, *n* = 8) displayed low expression levels of ASCL1, ISL1, INSM1, and NEUROD1. In accordance, NE markers such as DLK1, GRP, NCAM1, SYP, and CHGA showed lower transcript levels in cluster 1 (Fig. [1](#cas13078-fig-0001){ref-type="fig"}b, left panel). In line with these findings, principal component analysis clearly separated these subgroups (Fig. [1](#cas13078-fig-0001){ref-type="fig"}c).

![Subtypes of SCLC cell lines defined by expression patterns of transcription factors. (a) Hierarchical clustering of expression levels of 1520 transcription factors in SCLC cell lines. Red to blue color gradient in the correlation matrix indicates higher correlation. Blue, suspension; red, adherent and mixed. Left, CCLE dataset (*n* = 51). Right, E‐MTAB‐2706 dataset (*n* = 30). (b) Heatmap of expression levels of 18 genes. YAP1 (YAP), WWTR1 (TAZ), selected transcription factors (TEAD4, ASCL1, INSM1, NEUROD1, ISL1, ST18, HES1, FOXA2, NKX2‐1, MYC,MYCL), and neuroendocrine markers (DLK1, GRP,NCAM1, SYP,CHGA). Left: CCLE dataset (*n* = 51). Right, E‐MTAB‐2706 dataset (*n* = 30). (c) Principal component analysis of 1520 transcription factors in the CCLE dataset (*n* = 51). (d) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the top 150 genes enriched in cluster 1 of the CCLE dataset (*n* = 8). The predicted pathways are presented in the order of −log~2~(*P*‐value).](CAS-107-1755-g001){#cas13078-fig-0001}

To confirm these findings, we next studied the E‐MTAB‐2706 dataset of SCLC cell lines analyzed by RNAseq (*n* = 30). Clustering analysis on the expression profiles of transcription factors resulted in three major clusters (Fig. [1](#cas13078-fig-0001){ref-type="fig"}a, right panel). ASCL1 in cluster 3 (60%, *n* = 18), and NEUROD1 in cluster 1 (27%, *n* = 8) showed relatively high expression levels compared to the other clusters. Similar to cluster 1 in the CCLE dataset, cluster 2 in the E‐MTAB‐2706 dataset (13%, *n* = 4) displayed low expression levels of ASCL1, ISL1, INSM1, NEUROD1, and NE markers (Fig. [1](#cas13078-fig-0001){ref-type="fig"}B, right panel).

Expression of YAP and TAZ in a subset of SCLC cell lines {#cas13078-sec-0014}
--------------------------------------------------------

Important roles of ASCL1, INSM1, and NEUROD1 in SCLC have been previously reported.[15](#cas13078-bib-0015){ref-type="ref"}, [16](#cas13078-bib-0016){ref-type="ref"}, [18](#cas13078-bib-0018){ref-type="ref"}, [34](#cas13078-bib-0034){ref-type="ref"} To explore a novel mechanism, we examined the SCLC cell lines with low expression levels of ASCL1, ISL1, INSM1, NEUROD1, and NE markers. We compared the gene expression profiles of cluster 1 in the CCLE dataset with other clusters, and obtained a list of genes with differential expression (Table S3B). In cluster 1, INSM1 and ASCL1 were listed as the top and fourth lowest genes, and we found that YAP is the seventh highest gene. Furthermore, we found several target genes of YAP and TAZ reported in previous research among the highly expressed genes in cluster 1 such as *CYR61* and *CTGF*.[35](#cas13078-bib-0035){ref-type="ref"}, [36](#cas13078-bib-0036){ref-type="ref"} In agreement, KEGG pathway analysis of the top 150 genes enriched in cluster 1 revealed that Hippo signaling was the most relevant to the gene signature in cluster 1 (Fig. [1](#cas13078-fig-0001){ref-type="fig"}d). Importantly, transcription factors enriched in cluster 1 included TEAD4, which largely mediates the action of YAP and TAZ (Table S3B, Fig. [1](#cas13078-fig-0001){ref-type="fig"}b, left panel).

We further analyzed the transcriptome data of 30 SCLC cell lines in the E‐MTAB‐2706 dataset, and relatively high expression of YAP and/or TAZ was noted in cluster 2 with low expression of ASCL1, ISL1, INSM1, NEUROD1, and NE markers (Fig. [1](#cas13078-fig-0001){ref-type="fig"}b, right panel). These findings revealed a novel subtype of SCLC cells characterized by poor NE differentiation and high expression of YAP and TAZ.

Expression of YAP and TAZ in a subset of SCLC tissues {#cas13078-sec-0015}
-----------------------------------------------------

Heterogeneity of SCLC tissues has been documented in terms of the fraction of cells with small‐cell morphology. To assess expression levels of YAP and TAZ in association with ASCL1, both in SCLC and NSCLC, we surveyed the GSE30219 microarray dataset which analyzed 293 lung cancers of various histologies (Fig. S1a).

Relatively high expression of ASCL1 was observed in 21% (*n* = 18/85) of adenocarcinoma, 55% (*n* = 31/56) of large cell neuroendocrine carcinoma (LCNEC), and 0% (*n* = 0/61) of squamous cell carcinoma. Of note, 76% (*n* = 16/21) of SCLC showed high ASCL1 expression, whereas the rest of SCLC (24%, *n* = 5/21) showed low expression levels of ASCL1. High expression of YAP and TAZ was observed in all adenocarcinomas (*n* = 85/85) and squamous cell carcinomas (*n* = 61/61). In contrast, variable but generally low levels of YAP and TAZ expression were found in LCNEC and SCLC. The expression levels of ASCL1, YAP, and TAZ were further compared in each case of SCLC, and we found a trend that SCLC with low ASCL1 transcript levels showed higher YAP and TAZ expression (Fig. S1b). Correlation analysis further confirmed that ASCL1 expression is negatively correlated with YAP and TAZ both in LCNEC and SCLC (Fig. S1c). These observations were in support of our findings in SCLC cell lines, and suggested the presence of a subtype of SCLC with low ASCL1 and relatively high YAP and TAZ expression (YAP/TAZ subgroup).

Expression of YAP and TAZ in SCLC cell lines with adherent and mixed cell morphology {#cas13078-sec-0016}
------------------------------------------------------------------------------------

Heterogeneity of SCLC cell lines in terms of cell morphology has been previously documented.[29](#cas13078-bib-0029){ref-type="ref"} We surveyed cell morphological features of 51 SCLC cell lines in the CCLE dataset referring to public databases. We noted that 14 cell lines (27%) show adherent cell morphology and grow as monolayers, whereas 31 cell lines (61%) are cultured in suspension as floating cell aggregates. Cell morphology of 6 cell lines (12%) are described as mixtures of adherent, loosely adherent, and floating cells (hereafter referred to as mixed morphology). We next examined the gene expression profiles in association with cell morphological differences in SCLC cell lines. We compared the cell lines that show adherent and mixed morphology (*n* = 20) with those cultured in suspension (*n* = 31). Intriguingly, YAP, TAZ, and their target genes *CTGF* and *CYR61* were among the top 50 genes differentially expressed in SCLC cell lines with adherent and mixed cell morphology (Table S3C).

We also compared expression levels of YAP, TAZ, and ASCL1 in SCLC cell lines with adherent and mixed morphology (39%, *n* = 20/51) to those cultured in suspension (61%, *n* = 31/51), and found that YAP and TAZ are highly expressed in the former group of SCLC cell lines (Fig. [2](#cas13078-fig-0002){ref-type="fig"}a). In contrast, ASCL1 expression levels did not show significant differences between both groups. We obtained similar results in the E‐MTAB‐2706 dataset, by comparing SCLC cell lines with adherent and mixed morphology (40%, *n* = 12/30) to those cultured in suspension (60%, *n* = 18/30) (Fig. [2](#cas13078-fig-0002){ref-type="fig"}a).

![YAP and TAZ expression in SCLC cell lines with adherent and mixed cell morphology. (a) Box plots showing the expression levels of YAP1 (YAP), WWTR1 (TAZ), and ASCL1 in SCLC cell lines cultured in suspension and those with adherent and mixed cell morphology. Upper panels, CCLE (*n* = 51). *Y*‐axis represents the normalized value. Lower panels, E‐MTAB‐2706 (*n* = 30). *Y*‐axis represents the value of log~2~(1 + RPKM). \**P* \< 0.05, Student\'s *t*‐test. NS, not significant. (b) Heatmap of relative expression levels of YAP1, WWTR1, and genes encoding integrin and laminin subunits. Left panel, CCLE (*n* = 51). Right panel, E‐MTAB‐2706 (*n* = 30).](CAS-107-1755-g002){#cas13078-fig-0002}

Molecular mechanisms underlying the differences between cell aggregation and substrate adhesion have not been well established. A previous report has shown that cell morphological transition from floating aggregates to adherent monolayers is concomitant with altered expression patterns of integrins.[37](#cas13078-bib-0037){ref-type="ref"} It has been also reported that laminin induces the attachment of SCLC cells cultured in suspension.[38](#cas13078-bib-0038){ref-type="ref"} Based on these reports, we compared transcript levels of YAP, TAZ, and genes that encode integrin and laminin subunits in SCLC cell lines of the CCLE and E‐MTAB‐2706 datasets. As anticipated, SCLC cell lines with adherent and mixed morphology showed higher expression of integrin and laminin genes, supporting the notion that adherent cell morphology is associated with laminin substrates and integrin‐mediated cell attachment (Fig. [2](#cas13078-fig-0002){ref-type="fig"}b). It was also noteworthy that vimentin was highly expressed while the expression of E‐cadherin was low in SCLC cell lines with adherent and mixed morphology, suggesting a mechanism associated with epithelial--mesenchymal transition (Table S3C).

YAP is expressed in a subset of SCLC cell lines with adherent cell morphology {#cas13078-sec-0017}
-----------------------------------------------------------------------------

In order to confirm the above finding, we cultured six different SCLC cell lines (NCI‐H209, Lu134A, Lu134B, Lu139, SBC3, and SBC5) and compared cell morphology. While NCI‐H209, Lu134A, Lu134B and Lu139 cells were cultured in suspension as floating aggregates, SBC3 and SBC5 cells displayed adherent cell morphology (Fig. [3](#cas13078-fig-0003){ref-type="fig"}a).

![YAP and TAZ expression in SCLC cell lines. (a) Phase contrast microscopy of SCLC cell lines (NCI‐H209, Lu134A, Lu134B, Lu139, SBC3, and SBC5). Scale bar = 100 μm. (b) Immunoblotting for YAP and TAZ in SCLC cell lines (NCI‐H209, Lu134A, Lu134B, Lu139, SBC3, and SBC5), NSCLC cell lines (A549 and NCI‐H441), and lung epithelial cells (small airway epithelial cells \[SAEC\], normal human bronchial epithelial \[NHBE\] cells, and BEAS‐2B immortalized bronchial epithelial cells). α‐Tubulin was detected as the loading control. (c) Immunocytochemistry for YAP in SBC5 and SBC3 cells. Red, anti‐YAP antibody; blue, DAPI. Scale bar = 100 μm.](CAS-107-1755-g003){#cas13078-fig-0003}

In accordance with cell morphological differences, cell lines cultured in suspension lacked the expression of either YAP or TAZ as determined by immunoblotting (Fig. [3](#cas13078-fig-0003){ref-type="fig"}b). Meanwhile, YAP was expressed both in SBC3 and SBC5 cells. SBC3 cells also expressed TAZ, and its expression level was much higher than in lung epithelial cells (small airway epithelial cells, normal human bronchial epithelial cells, and BEAS‐2B) and NSCLC cell lines (A549 and NCI‐H441). We also undertook quantitative RT‐PCR for YAP and TAZ in these cell lines, and confirmed high expression of YAP in SBC3 and SBC5 cells (Fig. S2). Of note, A549 lung adenocarcinoma cells showed low expression levels of YAP, which was consistent with a previous report.[39](#cas13078-bib-0039){ref-type="ref"}

Expression of YAP at protein level was also confirmed by immunocytochemistry both in SBC3 and SBC5 cells (Fig. [3](#cas13078-fig-0003){ref-type="fig"}c). Nuclear localization of YAP was observed in most cultured cells, suggesting that YAP is constitutively activated to participate in transcriptional regulation in the nucleus.

Knockdown of YAP causes cell morphological change {#cas13078-sec-0018}
-------------------------------------------------

In the following experiments, we explored the functional significance of YAP expression in SCLC cells (SBC3 and SBC5) and studied the effects of YAP knockdown. Three different siRNAs for YAP clearly abolished YAP expression at protein level both in SBC3 and SBC5 cells, whereas TAZ expression was sustained in SBC3 cells (Fig. [4](#cas13078-fig-0004){ref-type="fig"}a). Intriguingly, SBC5 cells with YAP knockdown cultured on tissue culture dishes showed cell phenotypic change from a spindle‐like or elongated shape to more round cell morphology (Fig. [4](#cas13078-fig-0004){ref-type="fig"}b). Quantification of cell circularity further confirmed this effect and suggested that YAP is involved in cell morphological alteration (Fig. [4](#cas13078-fig-0004){ref-type="fig"}c).

![YAP knockdown causes cell morphological change. (a) Immunoblotting for YAP/TAZ in SBC5 and SBC3 cells treated with negative control (siNC) or siYAP. (b) Phase contrast microscopy of SBC5 cells treated with siNC or siYAP. Scale bar = 100 μm. (c) Box plots showing the circularity of SBC5 cells treated with siNC or siYAP. \**P* \< 0.05 by [anova]{.smallcaps} with Tukey\'s post hoc test.](CAS-107-1755-g004){#cas13078-fig-0004}

Gene expression profiling reveals YAP‐regulated genes in SCLC cell lines {#cas13078-sec-0019}
------------------------------------------------------------------------

To detect gene signatures regulated by YAP in SCLC cell lines, microarray analyses in SBC3 and SBC5 cells with or without YAP knockdown were carried out (Table S4A,B). We further carried out GO analyses of the genes downregulated by YAP knockdown (Table S4C, D). In SBC5 cells, enrichment of GO terms associated with cell morphology, such as "cytoskeleton organization", "regulation of cell motion", and "regulation of cell size" was found (Table S4D). The expression levels of integrins, laminins, and epithelial--mesenchymal transition markers (E‐cadherin and vimentin) were not remarkably altered by YAP knockdown, and thus they did not seem to be direct targets of YAP in SBC5 cells.

Both in SBC3 and SBC5 cells, 79 genes were upregulated (\>2.0‐fold), and 138 genes were downregulated (\<0.5‐fold) (Fig. [5](#cas13078-fig-0005){ref-type="fig"}a, left and middle). Among the commonly downregulated genes, AMOTL2 and AJUBA (also known as JUB) were validated by quantitative RT‐PCR, which indicated the reliability of microarray results (Fig. [5](#cas13078-fig-0005){ref-type="fig"}b). Decreased expression of AJUBA following YAP knockdown was further confirmed by immunoblotting (Fig. [5](#cas13078-fig-0005){ref-type="fig"}c). Next, we compared the 138 genes to the top 100 genes highly coexpressed with YAP in SCLC cell lines of the CCLE dataset (Table S3D). Consequently we identified four genes (*AJUBA*,*MSRB3*,*ARL2BP*, and *GPX8*) whose expression levels are closely associated with YAP in SCLC cell lines (Fig. [5](#cas13078-fig-0005){ref-type="fig"}a, right panel). AJUBA has been recently reported as a target of YAP that mediates its action in human bronchial epithelial cells,[40](#cas13078-bib-0040){ref-type="ref"} and our observations suggested that such signaling might be also active in SCLC.

![YAP‐regulated genes in SCLC cell lines. (a) Venn diagram showing overlaps of downregulated (left) or upregulated (middle) genes following YAP knockdown in SBC5 and SBC3 cells. Four commonly downregulated genes (*AJUBA*,*ARL2BP*,*GPX8*, and *MSRB3*) showed coexpression with YAP in the CCLE dataset (right). (b) Quantitative RT‐PCR for AMOTL2 and AJUBA in SBC5 and SBC3 cells treated with negative control (siNC) or siYAP. The expression level was normalized to GAPDH. Error bars represent standard errors. (c) Immunoblotting for AJUBA in SBC5 and SBC3 cells treated with siNC or siYAP.](CAS-107-1755-g005){#cas13078-fig-0005}

As the prognostic impact of AJUBA has been recently suggested in SCLC,[41](#cas13078-bib-0041){ref-type="ref"} we next assessed the expression of AJUBA in publicly available datasets of SCLC tissues (Fig. S3). In three different datasets, expression levels of YAP and AJUBA showed positive correlation, supporting the notion that AJUBA is regulated by YAP in SCLC tissues, as observed in SCLC cell lines.

Knockdown of AJUBA causes cell morphological change {#cas13078-sec-0020}
---------------------------------------------------

Given that AJUBA was a robust target of YAP in SCLC cell lines, we explored the effect of AJUBA knockdown. Two different siRNAs for AJUBA decreased AJUBA expression at protein level in SBC5 cells (Fig. [6](#cas13078-fig-0006){ref-type="fig"}a). As AJUBA has been also suggested as an upstream regulator of YAP,[42](#cas13078-bib-0042){ref-type="ref"}, [43](#cas13078-bib-0043){ref-type="ref"} we investigated whether YAP phosphorylation and expression could be altered following AJUBA silencing (Fig. S4). In line with previous studies, AJUBA knockdown resulted in decreased expression of both total and phosphorylated YAP in SBC5 cells. These findings suggested that YAP and AJUBA might form a reciprocal positive regulatory loop in SCLC.

![Knockdown of AJUBA causes morphological change in SCLC cells. (a) Immunoblotting for AJUBA in SBC5 cells treated with negative control (siNC) or siAJUBA. (b) Phase contrast microscopy of SBC5 cells treated with siNC or siAJUBA. Scale bar = 100 μm. (c) Box plots showing the circularity of SBC5 cells treated with siNC or siAJUBA. \**P* \< 0.05 by [anova]{.smallcaps} with Tukey\'s post hoc test.](CAS-107-1755-g006){#cas13078-fig-0006}

Similar to the effect caused by YAP knockdown, AJUBA knockdown resulted in cell morphological alteration (Figs [4](#cas13078-fig-0004){ref-type="fig"}b and [6](#cas13078-fig-0006){ref-type="fig"}b). Cell circularity of SBC5 cells was further quantified, which confirmed the effect of AJUBA knockdown on cell morphology (Fig. [6](#cas13078-fig-0006){ref-type="fig"}c).

SCLC cell lines of the YAP/TAZ subgroup are more sensitive to topotecan {#cas13078-sec-0021}
-----------------------------------------------------------------------

In order to explore the clinical relevance of the above findings, we examined drug sensitivity to anticancer agents in SCLC. Most recently, large‐scale drug sensitivity data in SCLC cell lines have been published.[44](#cas13078-bib-0044){ref-type="ref"} Using this dataset, we comprehensively surveyed the drug sensitivity in 61 SCLC cell lines. The IC~50~ values to 526 anticancer agents were compared between YAP high and low, or TAZ high and low subgroups. Consequently, we discovered that SCLC cell lines of the YAP/TAZ subgroup are more sensitive to topotecan (Fig. [7](#cas13078-fig-0007){ref-type="fig"}a). This subset of SCLC cell lines also showed relatively higher sensitivity to mTOR and PLK inhibitors as compared to other SCLC cell lines with low YAP and TAZ expression (Fig. [7](#cas13078-fig-0007){ref-type="fig"}b, Table S5).

![Drug sensitivity of SCLC cell lines. (a) Box plot showing the median and distribution of drug response of SCLC cell lines. The *Y*‐axis represents log~10~ (IC ~50~) values for etoposide and topotecan. \**P* \< 0.05 by Student\'s *t*‐test. NS, not significant. (b) Heat map showing the IC ~50~ response for 12 mammalian target of rapamycin (mTOR) inhibitors and 8 polo‐like kinase (PLK) inhibitors in SCLC cell lines arranged by expression levels of YAP1 (YAP; upper panel) and WWTR1 (TAZ; lower panel).](CAS-107-1755-g007){#cas13078-fig-0007}

Discussion {#cas13078-sec-0022}
==========

In the present study, we characterized a subgroup of SCLC with low ASCL1 expression and poor NE differentiation. SCLC cell lines of this subgroup showed relatively high YAP and TAZ expression and adherent cell morphology. Microarray analyses revealed genes regulated by YAP in SCLC cells, and among them, AJUBA has been implicated with YAP‐mediated phenotypic modulation.

SCLC is categorized as a subtype of NE tumor; however, its diagnosis relies on morphological findings without detection for NE markers by immunohistochemistry. The SCLC cell lines of the YAP/TAZ subgroup analyzed in this study constitute a variant subtype of SCLC and display atypical features compared to the classic subtype with NE differentiation. Thus, our findings need to be interpreted in light of the interindividual and intratumoral heterogeneity in SCLC.

Combined SCLC that contains any other NSCLC component has been recognized, which shows different levels of NE marker expression.[6](#cas13078-bib-0006){ref-type="ref"}, [45](#cas13078-bib-0045){ref-type="ref"} In a previous report, a subset of SCLC negative for NE markers was identified, by gene expression and immunohistochemistry analyses, that comprises 23% (*n* = 10/43) of SCLC cases.[46](#cas13078-bib-0046){ref-type="ref"} Most recently, transcriptome analyses on The Cancer Genome Atlas cohort of SCLC revealed that 23% (*n* = 16/69) of cases showed relatively low expression levels of ASCL1 and NE markers.[10](#cas13078-bib-0010){ref-type="ref"} Both ASCL1 expression and NE differentiation have also been recognized in LCNEC as well as a subset of lung adenocarcinoma (10--20%).[47](#cas13078-bib-0047){ref-type="ref"}, [48](#cas13078-bib-0048){ref-type="ref"} It is postulated that SCLC can originate both from NE and non‐NE precursor cells, based on the observations in murine models as well as clinical samples.[49](#cas13078-bib-0049){ref-type="ref"} Furthermore, many cases with transformation from NSCLC to SCLC have been reported as a mechanism for acquired drug resistance.[50](#cas13078-bib-0050){ref-type="ref"} The molecular mechanisms that determine the abovementioned histological subtypes (i.e., SCLC, NSCLC, combined SCLC, SCLC with poor NE differentiation, LCNEC, and adenocarcinoma with NE differentiation) need to be further delineated for precise diagnosis and patient management.

Variations of cell morphology in cultured SCLC cell lines have been previously reported.[29](#cas13078-bib-0029){ref-type="ref"} Classic SCLC cell lines tend to grow in suspension and form floating cell aggregates, whereas variant SCLC cell lines develop an adherent monolayer with epithelioid appearance. In the present study, gene expression profiles of SCLC cell lines with adherent cell morphology revealed high transcript levels of YAP and TAZ (Fig. [2](#cas13078-fig-0002){ref-type="fig"}a, Table S3C). We also showed that YAP knockdown induced cell phenotypic change to round cell morphology (Fig. [4](#cas13078-fig-0004){ref-type="fig"}). Taken together with the generally low expression of YAP and TAZ in many SCLC tissues (Fig. S1a), the small and round cell shape indicative of "small‐cell cancer" and loss of cell adhesion might be accompanied by decreased expression of YAP, TAZ, and AJUBA, as indicated in this study. Our findings suggest that such a mechanism might constitute part of the molecular networks underlying SCLC pathogenesis.

In a previous report, enrichment of ASCL1 and NE markers was revealed in a subgroup of SCLC with poor prognosis, whereas higher expression levels of YAP were described in another subgroup of SCLC with good prognosis.[46](#cas13078-bib-0046){ref-type="ref"} In addition, AJUBA repression showed strong correlation to shorter survival.[41](#cas13078-bib-0041){ref-type="ref"} Together with our findings, it is suggested that suppression of YAP and TAZ is associated with acquisition of the malignant phenotype in SCLC, which is in contrast with their oncogenic action in NSCLC.[24](#cas13078-bib-0024){ref-type="ref"} In hematological malignancies such as leukemia and multiple myeloma, a tumor‐suppressive role for YAP has been recently suggested.[51](#cas13078-bib-0051){ref-type="ref"} Similarities of pathological mechanisms between SCLC and hematological malignancies seem worthy of further investigation, in light of the unique role of YAP and TAZ.

Analysis of a large‐scale drug screening dataset showed that SCLC cell lines of the YAP/TAZ subgroup had higher sensitivity to the widely used anticancer agent for SCLC, topotecan. Furthermore, SCLC cell lines of this subgroup were more sensitive to mTOR and PLK inhibitors (Fig. [7](#cas13078-fig-0007){ref-type="fig"}). In a clinical setting, SCLC of the YAP/TAZ subgroup may be more responsive to chemotherapy or targeted therapies. In this regard, recognition of this subgroup would be of clinical importance from prognostic and therapeutic viewpoints.
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ASCL1

:   achaete‐scute complex homolog 1

CCLE

:   Cancer Cell Line Encyclopedia

CHGA

:   chromogranin A

GO

:   gene ontology

INSM1

:   insulinoma‐associated 1

KEGG

:   Kyoto Encyclopedia of Genes and Genomes

LCNEC

:   large cell neuroendocrine carcinoma

mTOR

:   mammalian target of rapamycin

NCAM1

:   neural cell adhesion molecule 1

NE

:   neuroendocrine

NEUROD1

:   neuronal differentiation 1

NSCLC

:   non‐small cell lung cancer

PLK

:   polo‐like kinase

RNAseq

:   RNA sequencing

SCLC

:   small cell lung cancer

siNC

:   negative control siRNA

SYP

:   synaptophysin

YAP

:   Yes‐associated protein

TAZ

:   transcriptional coactivator with PDZ‐binding motif
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**Fig. S1.** Inverse correlation between YAP1 (YAP), WWTR1 (TAZ), and ASCL1 expression.
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**Fig. S2.** YAP and TAZ expression in SCLC cell lines.
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**Fig. S3.** Positive correlation between YAP and AJUBA.
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**Fig. S4.** Phosphorylation and expression of YAP following AJUBA knockdown in SBC5 cells.
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**Table S1.** Characteristics of SCLC cell lines.
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**Table S3.** Analyses of SCLC cell lines in the CCLE dataset.

###### 

Click here for additional data file.

###### 

**Table S4.** Microarray analysis.
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**Table S5.** Expression of YAP1 (YAP) or WWTR1 (TAZ) and drug sensitivity (IC~50~) of SCLC cell lines.
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